oil, (60-80% (-)-menthol concentration in Japanese cornmint essential oil vs. 40-45% in peppermint oil). Hence, the production of (-)-menthol is based exclusively on Japanese cornmint, which is also known as the "menthol mint." Japanese cornmint is a subtropical plant that is widely grown in India, China, Vietnam, Brazil, (Chand et al., 2004; Clark, 1998; Kumar et al., 2000; Singh and Saini, 2008) and, to a limited extent, in some eastern-European countries. Some authors (Pandey et al., 2003; Singh and Saini, 2008) have incorrectly indicated that Japanese cornmint is produced in the US as well. Th ere is no commercial production of Japanese cornmint in the United States, although the United States is a major market for Japanese cornmint essential oil, (-)-menthol and de-mentholized oil (MIRC, personal communication, 2007) . Hence, (-)-menthol and Japanese cornmint essential oil have been imported to the United States for use in various industries.
Essential oil broker companies and MIRC indicated that there is a signifi cant market for Japanese cornmint oil in the United States. Current suppliers of Japanese cornmint essential oil and (-)-menthol are India, China and other countries in Asia. However, historically and currently there have been signifi cant issues with the consistency of supply and quality of both Japanese cornmint essential oil and crystal (-)-menthol (Clark, 1998; MIRC, 2007) . Issues with consistency in supply and quality could be solved through domestic production of Japanese cornmint. Furthermore, the introduction of Japanese cornmint in the United States would provide a cash crop for primary producers and may foster the development of valueadded processing. Th e objectives of this study were to evaluate the eff ect of N application rate and cut (harvest time) on herbage yields, essential oil content, oil composition, and on the yields of individual oil constituent [(-)-menthol, (-)-menthone, and (+)-menthofuran] of two Japanese cornmint genotypes. A fi eld experiment was performed in 2007 and 2008 at the  North Mississippi Research and Extension Center (NMREC) in Verona, . Following a suggestion from the Mint Industry Research Council, and to curtail pest and disease pressure, transplants (certifi ed and virus-free planting material) of Japanese cornmint (Mentha canadensis L.) 'Arvensis 2' and 'Arvensis 3,' two cultivars of dissimilar morphology (Fig. 1) , were purchased from Th e Summit Plant Laboratories, Inc. (Fort Collins, CO). Th e transplants, 10 to 11 cm in height and with well-developed root systems, were placed individually in 52 cell trays. Before transplanting, the transplants were hardened for a week.
MATERIALS AND METHODS

Field Experiments
For each year, the experimental design was a two-factor factorial in four blocks, and had responses measured repeatedly on two occasions (cuts). Th e individual research plots were 6.1 m long, and the harvested area in each plot was 4.1 m 2 .
Th e soil at Verona was Quitman sandy loam (fi ne-loamy, siliceous, semiactive, thermic, Aquic Paleudult). Th e experimental site was previously under perennial grass. Site land preparation included the application of total herbicide (glyphosate at 2 kg ha -1 ), as well as plowing and disking 2 wk aft er the application of the herbicide. Selected soil properties and the concentration of the extractable nutrients at the end of the second growing season (0-15 cm deep, 4 cores per plot) are provided in Table 1 . Before land preparation, soil samples (0-15 cm deep, 3 composite samples made of 24 soil cores) were analyzed for extractable nutrients. Th e concentration of available soil nutrients was determined following the Lancaster soil test method (Cox, 2001 ) and was measured on an inductively coupled argon plasma spectrometer (ICAP) (Th ermo Jarrell Ash, Franklin, MA). Phosphorus and K fertilizers were applied and incorporated based on soil test reports and fertilizer recommendations before transplanting and bed formation. Th e N fertilizers (as ammonium nitrate) were applied in 80 kg ha -1 increments: 80 kg of N ha -1 was applied before transplanting in the 80 and 160 kg ha -1 treatments, additional 80 kg of N ha -1 was applied to the 160 kg treatment aft er the fi rst harvest of the Japanese cornmint. Hence the total N applied was 0, 80, and 160 kg of N ha -1 . Raised beds (12 cm high and 77 cm wide across the top) were prepared, aft er disking, by using a press-pan-type bed shaper machine, which also placed a drip tape irrigation tube at 2 to 3 cm soil depth below the soil surface, in the middle of the bed. Raised beds are quite common in the southern United States; they help with surface drainage and ensure that no areas in the fi eld are under water aft er heavy rains. Aft er bed formation and before planting, Sinbar was incorporated at a rate of 2 kg ha -1 for weed control. Sinbar is the most traditional soil herbicide used in mint production in the United States and abroad (MIRC, 2007; Topalov, 1989; Zheljazkov, 1998) . Both cultivars of Japanese cornmint were transplanted in the fi eld on 4 and 5 May 2007. Th e transplants were spaced in two rows on each bed in an off set pattern, with 30 cm in-row and 30 cm between-row spacing; every plot had 40 plants. All of the plots of the Japanese cornmint were free of pests and diseases in 2007. However, in 2008, powdery mildew (Erysiphe cichoracearum) was observed, and the fi eld was treated with Quadris twice at a rate of 2957 mL ha -1 .
Plants from all plots were harvested at fl owering, which was when the content and the composition of the essential oil were considered optimal (Topalov, 1989) . Aboveground (5-6 cm above the soil surface) fresh herbage yields were recorded, then the plants were dried at temperatures of 35 to 40ºC to avoid essential oil loss (Topalov, 1989) . Finally, the dry weight was also recorded. Subsamples from every plot were steam-distilled for 60 min using a 2-L Clevenger type steam distillation unit (Clevenger, 1928; Furnis et al., 1989) as described previously (Gawde et al., 2009) . Th e essential oil was measured on an analytical scale and the essential oil content was calculated as the amount (g) of oil per weight (g) of dry plant tissue, and then the oil yield per area was calculated for every plot.
Gas Chromatography-Mass Spectrophotometer Analysis of the Essential Oil
Qualitative and quantitative analysis of the essential oil from all of the plots was performed. Generally, the gas chromatography-mass spectrophotometer (GC-MS) methods and conditions for analysis were identical to those previously described (Zheljazkov et al., 2008 (Zheljazkov et al., , 2010a . Th e amount of the essential oil was expressed as the ratio of oil/fresh (w/w) raw material. Individual concentration gradients for reference standards were prepared for (-)-menthol, (-)-menthone, and (+)-menthofuran to obtain a standard curve for each.
Quantitative Analysis
Commercial standards of (-)-menthol, (-)-menthone, and (+)-menthofuran were purchased from Fluka (Buchs, Switzerland). With fi ve concentration points, an external standard least squares regression was performed for quantifi cation. All analytes were used to formulate separate calibration curves. Linearity was imposed by using response factors and regression coeffi cients independently. Response factors were calculated using the equation RF = DR/C, where DR was the detector response in peak area (PA) and C was the analyte concentration.
Th e chromatograms of each of the essential oil samples from the fi eld experiments and the commercial mint oil samples were compared with the chromatograms from standard injections. Th e target peaks were confi rmed by both retention time and mass spectra. Confi rmed integrated peaks were then used to determine the percentage of each chemical constituent in the essential oil. Th e RF of the target chemical constituent was used to determine the "percent of oil" for each sample using the equation: PA/RF/C = %(peak area/response factor/concentration) in the oil.
Statistical Methods
Th e nine response measurements (fresh herbage yield, percent oil content from fresh herbage, fresh herbage oil yield, (-)-menthol concentration, (-)-menthone concentration, (+)-menthofuran concentration, (-)-menthol oil yield, (-)-menthone oil yield, and (+)-menthofuran oil yield) were analyzed as repeated measures of a two-factor factorial design in four blocks. Th e two factors of interest whose levels were completely randomized in each block were Cultivar ('Arvensis 2' and 'Arvensis 3') and N Treatment rate (0 and 80 kg ha -1 for Cut 1 and a third level of 160 kg ha -1 for Cut 2). Th e data were analyzed as repeated measures with two occasions (Cut 1 and Cut 2) nested in Year (2007 and because the measurements were taken in the same experimental unit (plot) on two dates, and nested because the plants in the two years had diff erent plant and canopy architecture. Th ese diff erences were due to diff erent plant densities between the fi rst and second cut in 2007 and also between the 2007 and 2008 cuts. Year eff ect was accounted by adding year and associated interaction eff ects in the model. Th e analysis of variance (ANOVA) was completed using the mixed procedure of SAS (SAS Institute, 2003) , and further multiple means comparison was completed for signifi cant (p value < 0.05) and marginally signifi cant (p value between 0.05 and 0.1) eff ects by comparing the least squares means of the corresponding treatment combinations using the lsmeans statement of Proc Mixed with the pdiff option to produce p values for all pairwise diff erences. Letter groupings were generated using a 5% level of signifi cance. For each response, the validity of model assumptions on the error terms was verifi ed by examining the residuals as described by Montgomery (2009) .
RESULTS
Th e main eff ects of (but not interactions with) cultivar and N treatment were signifi cant on the concentration of (+)-menthofuran and (-)-menthone yields respectively (Table 2) . Th e interaction eff ect of cultivar and N treatment was signifi cant for (-)-menthone concentration. Th e interaction of cultivar and cut(year) was signifi cant for oil content and yield, and for (-)-menthol and (-)-menthone concentrations and yields. Th e interaction eff ect of N treatment and cut(year) was signifi cant on oil content and yield, the concentrations of (-)-menthol and (-)-menthone in the oils and on (-)-menthol yields (Table 2) . Th e 3-way interaction eff ect of cultivar, N treatment, and cut(year) was signifi cant on fresh herbage yield and (+)-menthofuran yield (Table 2) .
Overall, the average oil content in the biomass of 'Arvensis 2' varied from 0.35 to 0.38%, whereas the oil content in the biomass of 'Arvensis 3' varied from 0.15 to 0.32% (Table 3) . In both cropping seasons, oil content in the biomass from both cuts of 'Arvensis 2' was higher than the oil content in the biomass from the fi rst or second cut of 'Arvensis 3'. Generally, within a cultivar, oil yields were higher from the fi rst cut than from the second cut. Th e highest oil yields (approximately 140-143 kg ha -1 ) were achieved from the fi rst cut of 'Arvensis 3' in 2007 and from the fi rst cut of 'Arvensis 2' in 2008.
(-)-Menthol concentration in the oil of both cultivars was higher in the 2008 than in the 2007 cropping season (Table 3 ). In the 2008 cropping season, (-)-menthol concentration in the biomass of 'Arvensis 2' was higher from the second cut (76%) than from the fi rst cut (67%), whereas cut did not signifi cantly aff ect this index (73% and 78%) in the other cultivar. Generally, (-)-menthone concentration in the oil and (-)-menthone yield were higher in the fi rst cut as compared with the second cut. Also, (-)-menthone concentration in most instances was higher in the oil of 'Arvenis 3'. Because of diff erences in (-)-menthol concentrations in the oils between the two cropping season, greater (-)-menthol yields were achieved in 2008. Th e highest (-)-menthol yields were achieved in 2008 cropping season from the fi rst cut of both cultivars and the lowest, from the second cut of 'Arvensis 3' in the same cropping season (Table 3) .
Generally, the average oil content in fresh herbage varied from 0.25 to 0.37%, depending on N treatment, year, and cut (Table 4) . Nitrogen application increased oil yields, which (as a function of fresh herbage yields and oil content) varied from 46 kg ha -1 (from the second cut at 0 kg N ha -1 in 2008) to 136 kg ha -1 (at the 80 kg N ha -1 in 2008). In both years and within a cut, the application of 80 kg N ha -1 increased oil yields relative to the unfertilized control, and the application of 160 kg N ha -1 further increased oil yields relative to the 80 kg N ha -1 (Table 4 ). In the 2007 cropping season and within the second cut, N application at 80 kg N ha -1 increased (-)-menthol concentration relative to the unfertilized control; however, the concentration of (-)-menthol in the 160 and 0 kg N ha -1 treatments was not diff erent. Overall, N application resulted in greater (-)-menthol yield (Table 4) .
Nitrogen application at 160 kg N ha -1 increased the concentration of (-)-menthone in 'Arvensis 3' relative to 80 but not to 0 kg N ha -1 (Table 5 ). Nitrogen application did not significantly change (-)-menthone concentration in 'Arvensis 2'; however, (-)-menthone yields of both cultivars were increased with the addition of 80 kg N ha -1 , and then again with the second addition of 80 kg N ha -1 (Table 5) . Overall, the (+)-menthofuran concentration was higher in the oil from 'Arvensis 2' (7.2%) than from 'Arvensis 3' (5.8%).
Th e three-way interaction eff ect of cultivar, N treatment and cut(year) on fresh herbage yield shown in Fig. 2 indicates increased yield due to the fi rst addition of 80 kg N ha -1 in cut 1 of both cultivars in the 2008 cropping season, but not in the 2007 cropping season. Th is increase was more pronounced in 'Arvensis 2' than in 'Arvensis 3'. However, in cut 2, the fi rst addition of 80 kg N ha -1 did not increase fresh herbage yield of 'Arvensis 2', but considerably increased the yield of 'Arvensis 3'. Th e second addition of 80 kg N ha -1 increased the yield of 'Arvensis 2' in 2008, but decreased that of 'Arvensis 3' in both years. Th ese results suggest that while 'Arvensis 2' may benefi t from a second addition of 80 kg N ha -1 , the optimum for 'Arvensis 3' is just one application of 80 kg N ha -1 . Table 2 . ANOVA p values for the main and interaction effects of Cultivar (Cult), N Treatment (Trt) and Cut nested in Year (Cut(Year)) on Fresh herbage yield (FrHYld), % oil content from fresh herbage (OilFH), Fresh herbage oil yield (OilYld), Menthol concentration (M-olC), (-)-Menthone concentration (M-oneC), (+)-Menthofuran concentration (M-onfuC), Menthol oil yield  (M-olYld), (-)-Menthone oil yield (M-oneYld), and (+)-Menthofuran oil yield (M-onfuYld) .
Source of variation
FrH
Yld OilFH
Oil Yld Th e interaction eff ect of cultivar, N treatment and cut on (+)-menthofuran yield in 2008 indicated that, for both cultivars, (+)-menthofuran yield from the fi rst cut was greater when compared with a similar N treatment from the second cut (Fig. 3) . However, within the fi rst cut, increasing N resulted in increased (+)-menthofuran yield of 'Arvensis 3', but not in that of 'Arvensis 2'. Th e response was the opposite in the second cut in that the (+)-menthofuran yield of 'Arvensis 2' increased progressively with increased N, but not in that of 'Arvensis 3' (Fig. 3) .
MolC
MoneC
MonfuC M-ol Yld
M-one Yld
M-onfu Yld
As expected, the soil pH at the end of the second growing season decreased in the plots that received higher N application rates (Table 1 ). Hence, liming should be considered with higher N application rates in Japanese cornmint plantations. in the weedy check and depending on planting date, mulching, and weed control.
Th e essential oil yields in this study were either similar to or greater than yields reported in the literature (Ram et al., 2006; Singh and Saini, 2008; Singh et al., 1989a Singh et al., , 1989b Zheljazkov and Margina, 1996; Zheljazkov et al., 1996a Zheljazkov et al., , 1996b . For example, Singh and Saini (2008) reported oil yields between 57 and 102 L ha -1 that depended on planting date, mulching and herbicide treatments. In a 2-yr fertilizer study of Japanese cornmint (M. arvensis), Zheljazkov and Margina (1996) reported oil yields of 'Mentolna-18' of M. arvensis between 67 (N at 0 kg ha -1 ) and 111 kg ha -1 (N at 151 kg ha -1 ). Ram et al. (2006) reported total oil yields from two harvests ranging from 158 to 373 kg ha -1 that depended on irrigation and N regimes. However, the higher yields in the latter study were obtained from very high N application rates (Ram et al., 2006) . Some of the above studies were conducted in the subtropical part of India, at latitudes 30º5´ N and 26º5´ N, respectively. Zheljazkov et al. (1996a) and Zheljazkov and Margina (1996) reported oil yields (from a single harvest/ year) of 108 to 176 kg ha -1 in Bulgaria, at 42º08´ N lat.
Th is study demonstrated that two full cuts could be obtained from Japanese cornmint in Mississippi. Th e introduction of Japanese cornmint into the United States will provide another cash crop for southern growers. In addition, the local production of Japanese cornmint oil could promote local value-added processing, and an overall improvement to the sustainability and profi tability of cropping systems in the southeastern United States. Moreover, crystallization of (-)-menthol has been previously done by manufacturers in the southern United States using imported Japanese cornmint oil (Clark, 1998) . Departments of agriculture in the southeastern United States may therefore consider programs for the development of a steam-distillation infrastructure that is needed for essential oil extraction. Such measures by state governments would certainly encourage the development of Japanese cornmint, peppermint, and spearmints (Zheljazkov et al., 2010a,b) as cash crops in the southeastern United States. Further research may be needed to evaluate higher N application rates, the means for weed and disease control, and feasible methods for propagation and establishment of new Japanese cornmint production plantations in the southeastern United States.
CONCLUSIONS
Both cultivars, 'Arvensis 2' and 'Arvensis 3', provided two full cuts, and produced high herbage and oil yields. An N application rate with 80-kg ha -1 increments increased fresh herbage and oil yields relative to the untreated control. Herbage, essential oil, (-)-menthol, and (-)-menthone yields were greater from the fi rst cut than from the second within both cultivars. Th e average oil content in the biomass of 'Arvensis 2' varied from 0.35 to 0.38%, and the oil content in the biomass of 'Arvensis 3' varied from 0.15 to 0.32%. In 2007, the (-)-menthol concentration in the oil from both cultivars was approximately 50%; however, in 2008 the (-)-menthol concentration was 67 to 76% in 'Arvensis 2', and 73 to 78% in 'Arvensis 3'. Th is is the fi rst report on Japanese cornmint essential oil productivity with absolute quantifi cation of the oil constituents as a function of genotype, harvest and N application rate in the United States. Th is study demonstrates that Japanese cornmint could be successfully grown in Mississippi and possibly other areas in the southeastern United States with similar environmental conditions.
